Abstract Significant amounts of cell wall degrading (CWD) enzymes are required to degrade lignocellulosic biomass into its component sugars. One strategy for reducing exogenous enzyme production requirements is to produce the CWD enzymes in planta. For this work, various CWD enzymes were expressed in maize (Zea mays). Following growth and dry down of the plants, harvested maize stover was tested to determine the impact of the expressed enzymes on the production of glucose and xylose using different exogenous enzyme loadings. In this study, a consolidated pretreatment and hydrolysis process consisting of a moderate chemical pretreatment at temperatures below 75°C followed by enzymatic hydrolysis using an in-house enzyme cocktail was used to evaluate engineered transgenic feedstocks. The carbohydrate compositional analysis showed no significant difference in the amounts of glucan and xylan between the transgenic maize plants expressing CWD enzyme(s) and the control plants. Hydrolysis results demonstrated that transgenic plants expressing CWD enzymes achieved up to 141% higher glucose yield and 172% higher xylose yield over the control plants from enzymatic hydrolysis under the experimental conditions. The hydrolytic performance of a specific xylanase (XynA) expressing transgenic event (XynA.2015.05) was heritable in the next generation, and the improved properties can be achieved even with a 25% reduction in exogenous enzyme loading. Simultaneous saccharification and fermentation of biomass hydrolysates from two different transgenic maize lines with yeast (Saccharomyces cerevisiae D5A) converted 65% of the biomass glucan into ethanol, versus only a 42% ethanol yield with hydrolysates from control plants, corresponding to a 55% improvement in ethanol production.
Introduction
Lignocelluosic biomass is an attractive feedstock for the production of biofuels, chemicals, and bioproducts. Bio-mass provides many benefits, including abundant availability, low cost, sustainability, and the fact that it is not used as a source of food [1] [2] [3] . Today, biomass resources envisioned for use in a biorefinery consist of forestry and agricultural residues (corn stover, bagasse, wheat straw, waste wood, and forest trimmings), energy crops (switchgrass, sorghum, and poplar), waste paper, or municipal solid waste [3] . To convert biomass into renewable energy and biochemicals, bioprocesses convert a portion of the biomass into simple sugars, which are converted into biofuels or other bioproducts [1] . The key to the economic success of a biorefinery is to produce soluble sugars at low cost for fermentation or catalytic conversion.
In the past decades, enzymatic hydrolysis processes have attracted increasing interest due to their more selective hydrolysis and the formation of less inhibitory by-products [4] . However, the cost of sugar production through biological conversion is expensive due to the costs of biomass pretreatment and enzymatic hydrolysis. It is known that plant cell walls are recalcitrant to enzymatic hydrolysis because the heterogeneity, chemical composition, and structural features of the cell wall polysaccharides make them inaccessible to hydrolytic enzymes [5] . As a result, enzymatic hydrolysis requires a pretreatment that can make plant cell walls accessible. The molecular mechanisms involved in pretreatment processes include modifying or loosening the cell wall structure, delignifying or removing hemicelluloses, and disrupting the crystalline structure of cellulose [6] [7] [8] . The leading pretreatment technologies typically employ harsh conditions that rely on high temperatures (150-220°C) and extreme pHs (very acidic or very alkaline) [6, 7] , which requires expensive up-front capital equipment. The extreme pretreatment conditions inevitably cause sugar degradation, resulting in reduced sugar yield and the formation of compounds that are toxic in fermentation, requiring additional steps for detoxification, separation, and neutralization. As a result, the biomass pretreatment becomes the second most expensive step for a biorefinery [8] . In addition to the high pretreatment costs, the high costs of exogenous enzyme loadings, slow hydrolysis rate, and the limited supply of enzymes are hurdles for the commercialization of these processes. Although many scientific efforts have been made to modify current pretreatment technologies [9] [10] [11] [12] [13] [14] [15] or introduce new pretreatment chemicals such as ionic liquids [16] , and to improve enzyme cocktails [17] , the fundamental cost challenges in sugar production from biomass remain unchanged. To fully realize commercial use of lignocellulosic materials for fuel and chemical production, new technologies are necessary to enable economically competitive production processes.
Heterologous expression of cell wall degrading (CWD) enzymes in plants provides a significantly lower cost alternative to the industrial production of enzymes by fermentation [18] [19] [20] , and significant progress has been made in plant expression of enzymes at reduced costs for commercial use [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . To address the issue of high cost in both pretreatment and enzyme production, we have developed technologies to express CWD enzymes in maize and other plants using Agrobacterium-mediated transformation as described in the literature [34] [35] [36] . In contrast to previous strategies to create processing value through plant expression of enzymes, the strategy investigated in this work relies on harvesting the entire plant biomass, containing plant-expressed CWD enzymes, for use as a feedstock in sugar production. Since the hydrolytic enzymes are expressed within the plant, it is anticipated that the mass transfer resistance to enzyme diffusion will be minimized and the non-selective adsorption/binding of enzymes to lignin and other molecules will be reduced. As a result, the transgenic plant biomass with hydrolytic traits can be processed without harsh pretreatments to improve cellulose accessibility for exogenously added enzymes. The expression of different classes of CWD enzymes in a single plant should create a low-cost sugar platform for biofuel and biochemical production.
Previous studies on plant expression of enzymes have investigated a variety of enzymes and plant species but have not focused on process integration based on the novel activities contained within the transgenic plants. Montalvo-Rodriguez et al. [37] conducted a study on autohydrolysis of plant polysaccharides in transgenic tobacco expressing hyperthermophilic enzymes. They found that direct conversion of plant tissue into free sugar was evident using whole plant extracts. A study by Oraby et al. [38] using ammonium fiber expansion pretreatment technology, has demonstrated that about 22% of the cellulose from maize biomass and 30% of the cellulose from rice straw biomass were converted into glucose in transgenic plants expressing E1 (endoglucanase from Acidothermus cellulolyticus). Brunecky et al. [39] demonstrated that in planta expression of E1 reduced cell wall recalcitrance in tobacco and maize when pretreating the transgenic plants using 1% sulfuric acid at elevated temperatures. Autohydrolysis of plant xylans by an apoplastic expression of thermophilic bacterial endoxylanase conducted by Borkhardt et al. [40] showed that the extracts containing plant-expressed xylanase could break down oat spelt xylan to oligomers, primarily xylotriose and xylobiose, and free xylose. However, a systematic study on the effect of plant-expressed CWD enzymes regarding direct processing of plants for sugar production has not been reported. This paper presents data on the hydrolysis of transgenic plant biomass carrying in planta CWD enzymes through the use of a direct, moderate, consolidated pretreatment, and hydrolysis process.
Materials and Methods

Production of Transgenic Maize Plants
Agrobacterium-mediated transformation of immature maize embryos was performed as described previously [35, 41] . Briefly, the expression cassettes for enzyme genes were cloned into the KpnI-EcoRI sites of the pAG2004 vector to generate an intermediate vector capable of recombining with the pSB1 vector in triparental mating in Agrobacterium tumefaciens strain LBA4404 using procedures reported previously [36, [42] [43] [44] . Maize (Zea mays cultivars HiII, A188 or B73) stock plants were grown in a greenhouse under 16 h of daylight at 28°C. Immature zygotic embryos were isolated from the kernels and inoculated with the Agrobacterium solution containing the genes of interest. After inoculation immature embryos were grown in a tissue culture process for 10-12 weeks. Welldeveloped seedlings with leaves and roots were sampled for PCR analysis to identify transgenic plants containing the genes of interest. PCR positive and rooted plants were rinsed with water to wash off the agar medium and transplanted to soil and grown in the greenhouse to generate seeds and stover.
Plant Stover Preparation
In this study, wild-type and transgenic maize stover were used as biomass substrate for processing. The wild-type control (A×B) represents untransformed A×B maize plants, while transgenic controls TGC.2004 and TGC.4000 used in this study stand for transgenic A×B maize plants generated through the process of A. tumefaciens mediated transformation with the vectors pAG2004 or pAG4000. Transgenic plants expressing enzymes, initially selected by genotyping and enzyme activity in green leaf tissues, were further assayed to confirm enzyme activity in stover [34] [35] [36] before the actual hydrolysis test was performed. Harvested greenhouse maize stover was dried in a forced air incubator at 37°C for 1-2 weeks. After drying, the stover was cut manually to 1.0-1.5-in. pieces and then milled using an UDY cyclone mill (Model 014, UDY Corporation, Fort Collins, CO) with a 0.5-mm screen.
Chemicals and Enzymes
Sugar standards (glucose, xylose, arabinose, galactose, mannose, and cellobiose) were purchased from Acros Organics (Morris Plains, NJ). All other chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO). Endoglucanase (C8546), β-glucosidase (49291), and endoxylanase (X2753) were all purchased from Sigma (St. Louis, MO). The cellobiohydrolase (E-CBHI) was purchased from Megazyme (Wicklow, Ireland). Accellerase™ 1500 and Accellerase™ XY were generous gifts from Genencor International (Rochester, NY). The yeast (Saccharomyces cerevisiae D5A) was obtained from the American Type Culture Collection (Manassas, VA).
Biomass Carbohydrate Compositional Analysis
Prior to carbohydrate compositional analysis, 3.0 g of airdried milled stover were refluxed with 90% (v/v) ethanol using a glass Soxhlet extraction system (Fisher Scientific, Pittsburgh, PA) to remove the ethanol-extractable materials by following NREL standards (NREL/TP-510-42619). The extractives-free stover was subject to a two-step acid hydrolysis (NREL/TP-510-42618), which first hydrolyzes at 30°C with 1.5 mL of 72% (w/w) sulfuric acid per 0.16-0.18 g (air dry weight) for 60 min, followed by 121°C for 1 h with supplementation of 42.0 mL of water. After acid hydrolysis, sodium hydroxide and calcium hydroxide were added to adjust the pH to between 4 and 9 and all samples were filtered through 0.2 μm PVDF filters (Fisher Scientific) for high-performance liquid chromatography (HPLC) analysis.
Consolidated Process with Moderate Pretreatment and Saccharification
To evaluate the effect of plant-expressed CWD enzymes on stover hydrolysis, a consolidated process was developed for this study, which consists of a mild pretreatment followed by enzymatic hydrolysis without inter-stage washing of the pretreated biomass. The consolidated process removes any washing/separation/detoxification steps and allows an integrated pretreatment and simultaneous saccharification and fermentation (SSF) process.
Moderate Pretreatment
We developed a mild chemical pretreatment with 0.18 M ammonium bisulfite at pH 8.1. For evaluating plant stover hydrolysis, 20.0 mg milled corn stover was added to 2-mL microcentrifuge tubes with pretreatment chemical solution at a liquor-to-solid (L/S) ratio of 10 or less. The pretreatment was incubated in a shaker at 350 rpm and a temperature of 55-75°C for 16 h. For plant stover hydrolysis evaluation, all the chemical pretreatments were run at 55°C for 16 h. The pretreated material was subject to enzymatic hydrolysis without interstage washing.
Enzymatic Hydrolysis The pretreated stover was subject to direct enzymatic hydrolysis in 1x Britton-Robinson polybuffer [45] with 0.02% sodium azide. The enzymatic hydrolysis was conducted at 2% (w/v) solids content, pH 4.9, 50°C in a New Brunswick shaker (New Brunswick Scientific, Edison, NJ) at 150 rpm for varying times (0-144 h), specifically 72 h for plant stover hydrolysis evaluation. A full in-house enzyme cocktail (FCt) comprising major individual enzyme component (endoglucanase, cellobiohydrolase, β-glucosidase, and endoxylanase (Sigma-Aldrich and Megazyme)) was used for plant stover evaluation with a loading of 10 filter paper units (FPU) per gram glucan. In conjunction, two types of enzymatic hydrolysis were run in parallel: FCt and the enzyme cocktail minus the plant-expressed enzyme (Ct-PE), i.e., enzyme cocktail lacking endoxylanase (Ct-Xyn) or endoglucanase (Ct-EG) or both depending on the enzyme expressed in plant. Hydrolysis was also done with the commercial Accellerase™ enzymes. Accellerase™ 1500 was loaded at 12.5 FPU/g glucan with Accellerase™ XY at 0.1 mL/g dry mass. Glucose and xylose yields (% of theoretical) were expressed as a percentage of total glucose and xylose produced over the glucose and xylose content in each original substrate. Error bars in the graphs are the standard deviation of the mean from three replicate assays.
Simultaneous Saccharification and Fermentation
The yeast (S. cerevisiae D5A) inoculation culture was grown to an OD 600 of 0. SSF experiments were performed in 250-mL Erlenmeyer glass flasks with a working volume of 50 mL, consisting of 3.0 g (oven dry weight) pretreated biomass, 1× BrittonRobinson buffer, 10× YP (100 g/L yeast extract and 200 g/L peptone), yeast, and hydrolytic enzymes. The flasks were sealed by a rubber stopper with an airlock. The experiments were started by adding yeast and enzymes (Accellerase™ 1500 at 12.5 FPU/g glucan with Accellerase™ XYat 0.1 mL/g dry mass) and were incubated at 35°C and 120 rpm for 7 days. Samples were withdrawn after 0, 24, 48, 72, 144, and 168 h and analyzed for ethanol and sugars as described below.
Analysis of Fermentable Sugars and Ethanol
The hydrolysate samples were heated at 90°C for 20 min to stop hydrolysis and then centrifuged at 10,000×g, following which the supernatants were clarified by filtration through 0.2 μm PVDF filters (Fisher Scientific). Monosaccharide and disaccharide concentrations were determined by HPLC, using a Shimadzu LC-20AD binary pump with LC solutions software (Shimadzu, Kyoto, Japan). Sugar concentrations were determined using an Aminex HPX-87P sugar column (Bio-Rad Laboratories, Hercules, CA) operating at 0.6 mL/min and 80°C with degassed water as the mobile phase. Ethanol concentration in fermentation broth was analyzed using an Aminex HPX-87H Column (Bio-Rad Laboratories) acid column operating at 0.6 mL/min, 60°C with 0.004 M sulfuric acid as the mobile phase. Peak areas for all samples, analyzed with an RI detector (RID 10AD), were integrated and the values were compared to standard curves for quantification.
Results
Carbohydrate Compositional Analysis
The stover from transgenic plants were characterized in terms of their structural carbohydrate composition and sugar content to examine any significant changes caused by genetic modification. The glucan and xylan content from a set of transgenic plants, whether expressing a CWD enzyme or lacking a transgene (TGC), are similar to the wild-type control plants (A×B) ( Table 1) . A Student's t test shows there is not a significant difference in the amount of glucan between transgenic maize events expressing CWD enzymes and wild-type maize or between transgenic maize events expressing CWD enzymes and transgenic control events that do not express a CWD enzyme with a P value of 0.90 and 0.14, respectively. The corresponding P values from a t test on xylan content are 0.57 and 0.36, respectively.
Effect of Plant-Expressed CWD Enzymes on Biomass Hydrolysis
For each transgenic plant stover, FCt and Ct-PE enzymatic hydrolyses were run in parallel against a transgenic control The P values from Student's t test were 0.90 and 0.57 for the differences between the transgenic maize events expressing CWD enzymes and wild-type maize (A×B) in the amount of glucan and xylan, respectively; the P values were 0.14 and 0.36 for the differences between transgenic maize events expressing CWD enzymes and transgenic control events, respectively. Errors in the table are the standard deviation of the mean of a number of events with three replicate assays plant stover. For the hydrolysis, two criteria as demonstrated in Fig. 1 have been set for evaluation: (1) total sugar yield and (2) sugar yield difference between hydrolysis with FCt versus Ct-PE. For criterion 1, higher sugar yields are expected from enzyme-expressing plants; for criterion 2, a minimal difference is preferred. Glucose and xylose yields from the in-house cocktail hydrolysis on a pretreated transgenic plant expressing xylanase A (XynA.2015.05) and a pretreated transgenic control plant that does not express a CWD enzyme (TGC.4000.12) are seen in Fig. 1 . The glucose and xylose yields from enzymatic hydrolysis of XynA.2015.05 met both criteria. Therefore, this transgenic plant expressing XynA is identified as a candidate with improved hydrolysis performance and used for further study.
After identifying a transgenic event as a leading candidate in its first generation (T0), seeds from this event were planted to grow second-generation (T1) plants. The second-generation stover (XynA.2015.05T1) demonstrated similar glucose and xylose yields to the first generation plant (XynA.2015.05T0), both of which are better than the control plant stover (Fig. 2) .
To further explore the effect of in planta expressed enzyme (s) on hydrolysis, time course hydrolysis experiments for selected candidate transgenic plants were conducted. The kinetic changes in glucose yield from FCt hydrolyses of a pretreated transgenic plant XynA.2015.05T1 and a pretreated control plant TGC.2004.08.02 follows a typical profile: a rapid initial increase followed by a slow rising phase at 24 h and a final plateau after 48 h (Fig. 3) . The XynA.2015.05T1 demonstrates consistently improved hydrolysis compared with the control plant through the time course. In addition to the higher glucose yields achieved from the enzyme-expressing plants, the results from the time course of hydrolysis also show a higher initial slope in the glucose production (Fig. 3) , indicating rapid initial hydrolysis with the transgenic plants than the control plants.
Transgenic plants expressing other xylanase enzymes were also assessed for hydrolysis characteristics. XynB.2063.17 is a transgenic plant expressing xylanase B (XynB). In-house Ct-Xyn hydrolysis of XynB.2063.17 achieved 28.7% higher glucose yield and 86.7% higher xylose yield than TGC.4000.11, a transgenic control, following the same pretreatment and hydrolysis methods (Fig. 4) . The improved xylose yield from the expression of XynB was also demonstrated by the difference in xylose yield between the FCt and Ct-Xyn hydrolyses (Fig. 4b) .
Enzymatic hydrolysis of plants expressing an endoglucanase (EG) with the in-house cocktail are also examined. For EGA-expressing maize events, both EGA.2049.02 and EGA.2049.10 achieved 48.7-126.9% higher glucose yield compared with the transgenic control plant (TGC.4000.12) (Fig. 5a) . The difference in glucose yield between Ct-EG and FCt hydrolysis is negligible for EGA.2049.10 but about 29.1% lower for TGC.4000.12. Similar hydrolysis observations in glucose yield (criterion 2) also existed for EGA.2049.02. In addition, the time courses of enzymatic hydrolysis with the in-house Ct-EG shows the glucose yield of EGA.2049.10 is over 40% higher than that of TGC.4000.11 consistently (data not shown).
Another endoglucanase-expressing plant, the EGB expressing transgenic plant (EGB.2042.03) shows 63.6% higher glucose yield from Ct-EG hydrolysis than the transgenic control (TGC.2004.8.02) (Fig. 5b) We also attempted to express two or more enzymes simultaneously in maize. XynA/AccA/B.2096.01 and XynA/AccA/B.2096.05 are two maize plants that express XynA and accessory enzymes (Acc). The hydrolysis yield from Ct-Xyn hydrolysis on both pretreated events is 80.4% and 93.5% higher than the control plant (TGC.2004.8.02), respectively (Fig. 6a) . The xylose yields from Ct-Xyn hydrolysis of the pretreated transgenic tissues are 143.4% and 172.1% higher respectively compared with the control plant (Fig. 6b) , which may be attributed to a synergistic effect of multiple enzymes. 
(1) Fig. 1 Glucose (a) and xylose (b) yields from enzymatic hydrolysis of a pretreated XynA-expressing transgenic plant (XynA.2015.05) and a pretreated transgenic control plant (TGC.4000.12) with the in-house enzyme cocktail. 1, 2 the criteria as defined in the text EGA/XynA.2242.09 is a maize event that expresses both EGA and XynA. The effect of in planta XynA on hydrolysis can also be observed from the improved glucose and xylose yields from Ct-Xyn hydrolysis of pretreated EGA/XynA.2242.09 relative to that of the pretreated control plant (TGC.4000.12) (Fig. 6c, d) , which is 50.1% higher in glucose yield and 29.8% higher in xylose yield from Ct-Xyn hydrolysis. The effect of in planta EGA on biomass hydrolysis is noted from the difference in glucose yield between FCt and Ct-EG hydrolysis as well as Ct-Xyn-EG hydrolysis (Fig. 6c, d) , which is 102.7% and 140.9% higher than the control, respectively. The similar processing performance is also observed from EGA/XynA.2242.09T1 plants, second generation plants grown from seed of the original EGA/ XynA.2242.09. Time courses of hydrolysis with in-house FCt, Ct-EG, and Ct-Xyn on pretreated EGA/ XynA.2242.09 also confirmed the effect of the expressed endoglucanase and xylanase with the consistently higher glucose yields than those of the control plant throughout the time course (data not shown).
When increasing pretreatment temperature from 55°C to 65°C and 75°C with hydrolysis using Accellerase™ enzymes, the transgenic plants expressing XynA and EGA (XynA/EGA.2242.09.01 and XynA/EGA.2242.09.07) can achieve up to 83.5-89.1% glucose yield and 50.0-64.3% xylose yield while control plants achieved only 63.0-76.6% glucose yield and 35.7-45.3% xylose yield (Fig. 7) .
Enzyme Loading Reduction and Fermentability
Since the transgenic plants expressing CWD enzyme(s) demonstrated higher hydrolysis yields and more rapid kinetics in hydrolysis over the control plants under the same processing conditions, we examined the impact from reducing exogenous enzyme loadings. Figure 8 To evaluate the fermentability of the hydrolysates that are produced from transgenic plants expressing CWD enzymes, a SSF experiment was performed using S. cerevisiae D5A. 
Discussion
Recently, the expression of CWD enzymes in planta has received increasing attention from industry because it provides a low-cost alternative enzyme source that can be delivered in feedstock crops [20] . Significant advances in the expression of cellulases and hemicellulases in crop plants have been achieved in the past decades [19] . Positive results have been observed when extracting heterologous enzymes from transgenic crops and then adding them to pretreated biomass to convert the biomass into fermentable sugars [37] [38] [39] . Since the transgenic plants themselves can be used as biomass feedstocks, the next step was to process them directly and examine the effect of expressing CWD enzymes in planta on biomass hydrolysis.
Biomass Carbohydrate Composition
In planta enzyme expression uses the plant as a "factory" rather than microbial fermentation to produce industrial CWD enzymes. This strategy has the additional advantage of delivering the enzymes directly in the biomass feedstocks for fermentable sugar production. Park et al. [46] found that the overexpression of xyloglucanase in poplar would promote not only cellulose degradation but also the production of cellulose in plants. Therefore, in planta enzyme expression actually provides an opportunity that can simultaneously produce low-cost enzymes and biomass feedstocks with hydrolytic traits for low-cost production of fermentable sugars.
Hydrolysis Evaluation of CWD Enzyme-Expressing Plants
Methodology for Plant Biomass Hydrolysis Evaluation
One of the goals of expressing CWD enzymes in planta is to eliminate or reduce the severity of biomass chemical pretreatment. To determine which enzyme(s) support improved hydrolysis performance, two hydrolysis criteria were established for initial screening of transgenic events. The total sugar yield obtained from processing was the first criterion to be considered because it directly affects the yield of final products, the productivity, and operational cost. With the expressed CWD enzymes, it is expected that enzymeexpressing transgenic plants can achieve better overall hydrolysis than control plants under the same processing conditions as demonstrated from the total glucose and xylose yields in Fig. 1 . The second criterion, the sugar yield difference between FCt and Ct-PE, represents an effect of plant-expressed enzymes on hydrolysis. When using trans- genic plants as biomass feedstocks, it is expected that exogenous enzyme(s) in the enzyme cocktail can be partially or completely replaced by the expressed CWD enzyme(s) to achieve similar or equal hydrolysis, which can be indicated by a reduced or eliminated difference in sugar yield between FCt and Ct-PE hydrolysis (Fig. 1a) . Applying these criteria, we were able to identify CWD expressing transgenic plants with good hydrolysis performance. 
Plants Expressing Xylanase
Xylan is known to be the dominant hemicellulose in hardwoods, agricultural residues, and perennial grasses. Xylan is a heteropolymeric biopolymer that consists of a repeating β-1,4-linked xylose backbone decorated with branch groups and may be cross-linked to lignin by aromatic esters [47] . Xylan destruction and removal often benefits the hydrolysis of cellulose into fermentable sugars. In a typical hydrolytic enzyme cocktail, xylanases are a major class of CWD enzymes required to hydrolyze hemicellulose polymers since they play a key role in making cellulose more accessible to enzymatic hydrolysis. (Fig. 3) . Therefore, in planta xylanase expression can be considered as an enzyme pretreatment to improve both biomass hemicellulose and cellulose hydrolysis. In addition to the better hydrolysis, the transgenic plants expressing CWD enzymes also show more rapid initial hydrolysis than does the control plant (Fig. 3) . During growth, the CWD enzymes accumulate, embedded within the plant. Once activated during processing, they can commence catalysis immediately in situ without the need for transport and diffusion. The efficiency of these enzymes is therefore expected to be high because of low resistance from mass transfer and an expected decrease in non-selective binding of the enzymes to lignin or other non-target molecules. The overexpression of plant biomass degrading enzymes in plants does not appear to result in a decrease in cellulose, but rather loosened xyloglucan intercalation, followed by an irreversible wall modification [46] . In addition, the expressed enzymes might be in a proximity to the cell wall polymers, which may directly or indirectly facilitate hydrolysis. All these factors may contribute to the faster hydrolysis for enzymeexpressing plants.
Plants Expressing Cellulase
Lignocellulosic biomass is known to be composed of a matrix with multiple intertwined biopolymers (cellulose, hemicelluloses, lignin, and extractives), which requires several different classes of enzymes to efficiently release fermentable sugars. Among them, cellulase is a key enzyme. Three types of cellulases (endoglucanase, exoglucanase and β-glucosidase) work together to hydrolyze cellulose into glucose. In a typical enzymatic hydrolysis process, the endoglucanase breaks down cellulose chains into oligomers while the exoglucanase hydrolyzes the individual oligomers and the β-glucosidase breaks down cellobiose into monomers of glucose [20] . The endoglucanase-expressing plants (EGA.2049.10 and EGB.2042.03) demonstrated 48.9% and 63.6% higher glucose yield from Ct-EG hydrolysis than did the control plants (Fig. 5) , which is also confirmed by the consistently higher glucose yields from Ct-EG hydrolysis of EGA.2049.10 throughout the time course (data not shown). Therefore, both a more rapid and greater extent of hydrolysis has been achieved from the transgenic plants with endoglucanase expression.
Plants Expressing Multiple Enzymes
Since the ultimate goal of our technology is to develop an efficient and inexpensive enzyme production system for rapid and less expensive biomass depolymerization, several key enzymes required in the hydrolytic enzyme cocktail have been expressed in maize. When expressing multiple key enzymes in a single plant, a synergistic hydrolytic effect is expected to be achieved, which is demonstrated by the higher glucose yield from Ct-Xyn-EG hydrolysis of EGA/XynA.2242.09 (Fig. 6c) . Improved hydrolysis of transgenic plants that express multiple enzymes was also observed from the glucose and xylose yields for XynA/ AccA/B.2096.01 (Fig. 6a, b) , which is most likely caused by a synergistic effect. Heritability of Hydrolytic Traits
The XynA.2015.05 plant was identified as a good first generation (T0 plant) hydrolysis candidate. Similar to XynA.2015.05T0, the second generation of 2015.05 (XynA.2015.05T1) also demonstrated better hydrolysis than the control, which is 55.3% higher in glucose yield and 101.6% higher in xylose yield from Ct-Xyn hydrolysis than the control plant (TGC.4000.12) (Fig. 2) , indicating that the enzyme based hydrolytic trait is heritable from one generation to the next. The heritability of these traits is also demonstrated by the hydrolysis results of pretreated EGA/ XynA.2242.09T0 (Fig. 6c, d) , EGA/XynA.2242.09.01T1 and EGA/XynA.09.07T1 (Fig. 7) .
Enzyme Loading Reductions and Fermentation
It has been demonstrated that the transgenic plants with expressed CWD enzymes achieved significantly higher and more rapid biomass hydrolysis than the control plants with a mild pretreatment. The improved hydrolysis has the potential to be translated into a reduction in the exogenous enzyme loading while still maintaining similar hydrolysis yield (Fig. 8) . In planta expression of CWD enzymes demonstrated the production of low-cost sugars from transgenic crops for the production of biofuels, biochemicals, and biomaterials. The rapid initial hydrolysis may decrease hydrolysis times, an advantage for a simultaneous saccharification and fermentation process (Fig. 9 ) and an opportunity to decrease the requirement for equipment capacity and operation cost.
In planta production of cell wall degrading enzymes is a proposed means to lower the costs associated with fermentable sugar production from biomass. This report is the first description of the direct hydrolysis of transgenic plants with expressed CWD enzymes. The improved hydrolysis results demonstrate a promising approach to produce biomass feedstocks with hydrolytic traits. Current work focuses on multiple enzyme expression with high enzyme accumulation as well as process optimization to achieve desired industrial hydrolysis metrics through a mild pretreatment and significantly reduced exogenous enzyme loading.
